The fitness of hybrids depends on the genetic disparity between parental taxa and the magnitude of their nuclear and non-nuclear contributions. To estimate the role of non-nuclear effects, we crossed red (R), white (W) and hybrid (H) mulberry in all combinations and compared the magnitude of maternal and paternal effects on offspring fitness (seed set, germination, survival and aboveground biomass) in a greenhouse environment. Variation in offspring fitness was determined largely by the identity of the maternal parent; specifically, progeny with white mothers had the highest cumulative fitness. As fathers, red, white, and hybrid mulberry had no effect on fitness, and maternal ϫ paternal interactions were significant only for survival. Individual cross-types differed significantly for all fitness components except seed set. Offspring from hybrid crosses (W ϫ R, H ϫ R, H ϫ W) often differed from at least one of the within-parent crosses (W ϫ W, R ϫ R) as well as from other hybrid crosses, although their fitness values never exceeded the most fit parent. Reciprocal crosses differed in only two of 15 possible parental combinations: W ϫ H (cumulative fitness) and W ϫ R (aboveground biomass). Overall, the strong asymmetry in magnitude of maternal and paternal effects suggests that fitness of hybrid mulberry is governed largely by non-nuclear, parental effects.
differences between their parents, the frequency of genes with antagonistic effects, and the relative importance of their nuclear and non-nuclear contributions to fitness. The nuclear genome is inherited equally from both parents, and, depending on the genetic basis of species differences, can be influenced by chromosomal rearrangements (Rieseberg et al., 2000; Rieseberg, 2001 ), polyploidy (Wendel, 2000) , interactions between parental genes (nuclear ϫ nuclear interactions) (Rieseberg et al., 1996 (Rieseberg et al., , 2000 Burke and Arnold, 2001) , or interactions between the nuclear genotype of the hybrid and its environment (genotype ϫ environment interactions) (Arnold, 1997) . Non-nuclear contributions or ''parental effects,'' represent contributions to fitness outside the effects of nuclear genes and may include cytoplasmic effects (Roach and Wulff, 1987; Wade, 1998; Levin, 2003) , unequal contributions to the endosperm (including genomic imprinting [Haig and Westoby, 1991] ) and the influence of the parental environment on the provisioning or phenotype of offspring (Mazer and Gorchov, 1996; Rossiter, 1998; Lacey, 1998; Wade, 1998) . Regardless of the cause, non-nuclear effects are transmitted differentially by the parents and thus manifest themselves as fitness differences in reciprocal crosses between two parental genotypes (Mazer and Gorchov, 1996; Roff, 1998; Shaw and Byers, 1998; Levin, 2003) .
Non-nuclear effects have been reported for many plant species and for several traits (Roach and Wulff, 1987; Rossiter, 1996; Donohue and Schmitt, 1998) . For example, reciprocal crosses in cultivated plants have revealed both maternal and paternal influences on seed set, germination, biomass, survival (Roach and Wulff, 1987) and fertility (Wright, 1977) . Similar parental effects on fitness have been found in crosses involving natural populations (Andalo et al., 1999; Lacey and Herr, 2000; Galloway, 2001; Galloway and Fenster, 2001 ). Non-nuclear effects may also play an important role in determining the phenotype and fitness of hybrids between species. Camp-bell and Waser (2001) showed that survival of hybrids between Ipomopsis aggregata and I. tenuituba depended on the species of the maternal parent, and both nuclear and cytonuclear interactions affected fitness in Louisiana Iris hybrids (Burke et al., 1998b) . To date, however, relatively few quantitative studies have explored the relative importance of nuclear vs. non-nuclear effects on phenotypic variation in interspecific hybrids (Levin, 2003) .
In this study we examined sources of variation in the fitness of hybrids formed between red (Morus rubra L.) and white (Morus alba L.) mulberry in Ontario, Canada. Red mulberry is a wind-pollinated, dioecious, understory tree species that is native to forested habitats in eastern North America. At the northern limit of its range, red mulberry hybridizes with the more abundant and introduced white mulberry, a wind-pollinated, dioecious tree species commonly found in open fields, hedgerows, and disturbed environments. Genetic and morphological studies of natural populations within this region indicate that hybrids are present and are in close proximity to both parental taxa (K. S. Burgess and B. C. Husband, unpublished data, University of Guelph). The two species differ in fertility, microhabitat preference and abundance and may affect the fitness of their hybrids through nuclear and non-nuclear pathways. Here, we cross-pollinated red, white, and hybrid mulberry in all possible directions and compared the fitnesses of their progeny in a greenhouse environment. We asked the following questions: (1) Are hybrid mulberry less fit than their parental genotypes? (2) Do hybrid classes differ in fitness? and (3) Do the maternal and paternal taxa make different contributions to fitness?
MATERIAL AND METHODS
Crossing design-Experimental pollinations were conducted at Point Pelee National Park, Ontario, Canada (ഠ UTM [Universal Transverse Mercator] coordinates: 373900 N [Northing]; 464500 E [Easting], NAD [North American Datum] 83). All trees occurred in partially disturbed forests within the Carolinian Forest Zone. Twelve trees (six male and six female) each of red (R), hybrid (H), and white (W) mulberry were selected for the experiment and were cross-pollinated in all possible combinations, including all parental and reciprocal crosses. The cross-types consisted of three different maternal ϫ paternal classes: (1) within-parent (R ϫ R, W ϫ W); (2) F 1 hybrid (R ϫ W, W ϫ R) and (3) later generation hybrid (R ϫ H, H ϫ R, W ϫ H, H ϫ W, H ϫ H). Each cross-type was replicated using six different male-female pairs of trees. Hybrids were included as a parental class so we could also examine parental effects on later generation hybrids. Finding enough naturally occurring male and female hybrids that are reproductive in any one location was difficult. As a consequence, our hybrids included both F 1 and later-generation hybrids. Although the hybrid class isn't homogeneous, previous molecular studies based on Randomly Amplified Polymorphic DNA (RAPD) and chloroplast DNA (cpDNA) sequences indicate that most contain predominantly white nuclear genomes and white cytoplasmic genomes (K. S. Burgess and B. C. Husband, unpublished data, University of Guelph). Moreover, they represent those hybrid genotypes most likely to be involved in natural backcrosses in this species. All parental genotypes were confirmed with speciesspecific RAPD markers (K. S. Burgess and B. C. Husband, unpublished data, University of Guelph). Forty inflorescences were bagged on each female tree prior to anthesis to prevent pollen contamination. At anthesis, pollen was collected from male catkins and applied to 10 female catkins per tree using fine paintbrushes. Fruits were collected in July and stored dry at 4ЊC for 5 mo.
Fitness components-Offspring from all nine cross-types were evaluated for four fitness components: seed set, seed germination, survival to 12 wk, and aboveground biomass at 12 wk. A multiplicative fitness function of these four fitness components was then used to determine cumulative fitness for all cross-combinations.
To estimate seed set, the proportion of ovules setting seeds was calculated. We wetted each fruit for 24 h, removed the pulp and counted the number of filled seeds per fruit. To account for differences in ovule number among species, we expressed seed number as a percentage of ovule number. The mean number of ovules per catkin was estimated for 22 red, 27 white, and 10 hybrid trees using two catkins/tree. The mean for each species was 22.5, 15.4, and 17.9 ovules per catkin, respectively. Percentage germination was estimated by sowing seeds onto moist filter paper in petri dishes (maximum of 25 seeds/ dish) and incubated in a growth chamber for two wk (12 h daylight at 26ЊC and 12 night hours at 22ЊC). Seeds were classified as having germinated if the radical had emerged and the cotyledons were beginning to expand.
Seedling survival and growth were assessed in a greenhouse environment. All plants that germinated and possessed fully expanded cotyledons were transplanted into 10 cm (4 inch) pots containing perlite, turface, and ProMix in 1 : 1 : 6 proportions. Plants were randomly assigned positions on the bench and grown for 12 wk (16 h daylight and 8 h dark at 21ЊC). To account for mortality due to transplant shock, plants that died within the first 10 d of transplanting were removed from the design. At the end of the 12 th wk, survival was measured as the number of plants alive per cross-type, expressed as a proportion of the initial number of seedlings transplanted (after removal). The aboveground portions of all plants were harvested, dried for 144 h at 60ЊC and weighed. A cumulative fitness measure was calculated for each male-female pair separately by multiplying the values obtained for each of the response variables (seed set, percentage germination, survival to 12 wk and aboveground biomass at 12 wk).
Analysis-The sources of variation in fitness of red, white, and hybrid mulberry were assessed using a two-way analysis of variance (ANOVA) with maternal parent, paternal parent, and maternal ϫ paternal interaction as the sources of variation. The means of the six male-female pairs per cross type served as replicates. To meet the assumptions of normality, percentage germination and survival were arcsine transformed and cumulative fitness was square-root transformed. All values were reported as back-transformed means. Tukey's Honestly Significant Different (HSD) test was used to compare means of different parental classes. We were also interested in testing for differences between individual parental and hybrid cross-types. Therefore, whenever one of the main effects in the two-way ANOVA was significant, we compared all cross-type means using a Tukey's HSD test.
If there were non-nuclear effects on the fitness of offspring, we expected to find a strong asymmetry between maternal and paternal effects in the twoway ANOVA and differences among reciprocal crosses between red and white, red and hybrid and white and hybrid trees. All statistical analyses were performed using JMP statistical software Version 5.0 (SAS Institute, 2002) .
RESULTS
In total, pollinations involved 52 male-female pairs, distributed across the nine cross-types with 2 to 6 replications per cross-type (X ϭ 5.4). On average, 4.6 female catkins were pollinated per pair, resulting in a total of 242 fruits. The number of plants per cross-type ranged from 21 to 409 individuals (X ϭ 158.8), and a total of 1429 seedlings were used for the greenhouse comparison.
Seed set ranged from 34 to 85% among cross-types. In the two-way ANOVA, only the identity of the maternal parent had a significant effect on seed set (Table 1, Fig. 1A ). Crosses with red mulberry as the maternal parent had significantly higher seed set than those with hybrid mothers but did not differ from white mothers. Paternal effects and maternal ϫ paternal interactions on seed set were not significant. No significant differences among individual cross-types were found based on the Tukey's means comparison ( Fig. 2A) .
Maternal parent also had a significant effect on germination, with progeny from white mothers having higher germination rates than any other parent (Table 1, Fig. 1B ). The identity of the father did not affect germination, nor was there a maternal ϫ paternal interaction. The means comparison revealed some significant differences among individual cross-types (Fig. 2B) . Hybrid cross-types differed significantly from each other, and one hybrid class (W ϫ H) had higher germination than the R ϫ R within-parent cross. None of the reciprocal crosses involving red and white, red and hybrid, or hybrid and white parents differed from each other (Fig. 2B) .
The two-way ANOVA indicated a significant effect of maternal parent on survival (Table 1, Fig. 1C ). Offspring from hybrid mothers had higher survival than those from white mothers but were not different from offspring of red mothers. Survival was the only fitness component to show a significant maternal ϫ paternal interaction. Survival ranged from 60 to 98% among individual cross-types (Fig. 2C ). Tukey's means comparison revealed no differences between the two withinparent cross-types (R ϫ R, W ϫ W). Hybrid crosses did not differ significantly among each other, but some hybrid crosses (W ϫ R) had significantly lower survival than some parental crosses (R ϫ R). Later generation hybrids did not differ significantly from their parents but some (H ϫ H, H ϫ W, W ϫ H) had higher survival than one of the first-generation hybrid crosses (W ϫ R) (Fig. 2C ). There were no reciprocal differences in survival among first or later generation hybrids.
With respect to biomass, only the identity of the maternal parent had a significant impact; offspring with white mothers had higher biomass than those with hybrid or red maternal backgrounds (Table 1, Fig. 1D ). No differences were observed between the within-parent crosses, but the W ϫ W offspring had higher biomass than two hybrid crosses (R ϫ H and R ϫ W) (Fig. 2D ). There were no differences among hybrid crosses except R ϫ H offspring, which had significantly lower biomass than W ϫ R. Biomass differed among reciprocal F 1 crosses, with W ϫ R progeny having more mass than R ϫ W (Fig. 2D) .
The two-way ANOVA indicated that the identity of the maternal parent had significant effects on cumulative fitness (Table 1). In particular, offspring from white mothers had the highest mean fitness, while offspring from red and hybrid mothers did not differ significantly from each other (Fig. 3A) . Cumulative fitness was the only fitness component for which within-parent crosses differed, with R ϫ R offspring having the lowest value (Fig. 3B) . Differences in cumulative fitness were also found between parental cross-types and hybrids. Specifically, R ϫ R crosses had lower cumulative fitness than W ϫ H crosses. W ϫ W progeny had higher cumulative fitness than all other hybrid cross-types except the W ϫ H cross. Reciprocal differences in fitness were also found; H ϫ W crosses had lower cumulative fitness than the reciprocal (Fig.  3B ).
DISCUSSION
Our results indicate substantial variation in the fitness of offspring from red, white, and hybrid mulberry parents. We found differences among cross-types for germination, survival, aboveground biomass, and cumulative fitness, but no variation in seed set. Depending on the fitness component, there were differences between parental crosses (W ϫ W, R ϫ R), between parental and hybrid (W ϫ H, R ϫ H, R ϫ W, H ϫ H) crosses, as well as among hybrid crosses. Across all fitness components, reciprocal differences were found for only two crosses: R ϫ W (for biomass) and H ϫ W (for cumulative fitness). In both cases, fitness was highest when white mulberry was the maternal parent. Importantly, most if not all variation observed among cross types was attributable to the genotype of the maternal parent. For most fitness measures, offspring with white mothers had higher mean fitness than those with red or hybrid mothers. In contrast, the genotype of the paternal parent had no effect on fitness except for survival, in which case the paternal effect varied across maternal genotypes. Below we begin by discussing the differences among parental and hybrid classes and then evaluate the evidence for non-nuclear effects. While the fitnesses of hybrid crosses in mulberry often differed from at least one parental cross, their fitness values never exceeded the most fit parent. This result is consistent with that of Campbell and Waser (2001) who showed that growth and survival of F 1 hybrids between Ipomopsis aggregata and I. tenuituba were as high as but never exceeded the fitness of within-parent crosses. In contrast, Burke et al. (1998a) and Emms and Arnold (1997) found that Iris hexagona ϫ I. fulva hybrids had fitnesses equal to or higher than their parents. These and numerous other studies (Burke and Arnold, 2001; Arnold et al., 2001; Johnston et al., 2001a, b) suggest that the fitnesses of hybrids relative to their parents are highly variable among species pairs. Increased hybrid fitness relative to that of their parents has been attributed to favorable combinations of genetic factors segregating from two disparate parental genomes (Rieseberg et al., 1996 (Rieseberg et al., , 1999 Burke and Arnold, 2001 ). Based on our results, there is no evidence for such transgressive segregation in hybrid mulberry. However, the fitness relationships between hybrid mulberry and its red and white parents are based on a greenhouse environment and need to be confirmed with transplant experiments in natural environments.
We observed significant differences among certain hybrid crosses for all but one fitness-component. In most cases, some of the later generation hybrid crosses were more fit than other hybrid crosses, including F 1 s. It is widely recognized that hybrid classes can differ in fitness, depending on the magnitude of epistatic or additive genetic effects (Arnold and Hodges, 1995; Arnold, 1997; Burke and Arnold, 2001) . Although F 1 hybrids can experience heterosis and hybrid inferiority can be restricted to later generation hybrids (Arnold et al., 1999; Burke and Arnold, 2001) , later generation crosses have also resulted in relatively fit hybrids due to favorable allelic combinations or positive epistasis (Rieseberg et al., 1996; Arnold et al., 1999; Burke and Arnold, 2001 ). These positive interactions appear to be operating in mulberry; however, other explanations related to our experimental design can not be excluded. In particular, the variation in fitness among the hybrid crosses may also be a result of the heterogeneous nature of hybrid parents used in our study. Most of the hybrid parents consisted of predominantly white mulberry nuclear (based on RAPD profiles) and cytoplasmic (cpDNA) genome. This may explain why the fitness of W ϫ H crosses was similar to that in W ϫ W crosses. In addition, the later-generation hybrid parents have already been exposed to selection and may represent those combinations of nuclear genomes with relatively high fitness.
One of the main goals of this study was to investigate the importance of non-nuclear, or parental, effects on fitness. We achieved this by testing for fitness differences between paternal and maternal effects in a two-way ANOVA of all crosstypes and between reciprocal crosses for individual crosstypes. Significant differences were found for only two of 15 possible reciprocal comparisons among the five fitness components. In contrast, the ANOVA of maternal and paternal effects showed consistently strong impacts of the maternal parent and a lack of paternal influences on offspring fitness. The low frequency of reciprocal fitness differences may have been the result of limited sample size and hence less statistical power in those tests. Nevertheless, the strong maternal influence, and a general lack of paternal contribution to fitness, are indicative of strong non-nuclear (maternal) effects. Similarly, Burke et al. (1998a) found strong cytoplasmic effects on the fitnesses of Iris hexagona ϫ I. fulva hybrids, as did Campbell and Waser (2001) for reciprocal crosses between Ipomopsis aggregata and I. tenuituba. Collectively, these results support Levin's suggestion that non-nuclear effects may have been underestimated in genetic interactions between species (Levin, 2003) .
The maternal effects influencing the fitness of hybrid mulberry may be caused by one of three different mechanisms (1) maternal nuclear contributions to the endosperm; (2) influence of the maternal environment on offspring; and (3) maternally inherited cytoplasm (chloroplast or mitochondrial DNA) and cytonuclear interactions (Roach and Wulff, 1987) . While our experiment was not designed to disentangle these specific causes, we feel that cytoplasmic effects are most likely. Endosperm effects are expected to weaken with age, as the offspring becomes increasingly reliant on its external environment for nutrition. In contrast, in mulberry maternal effects are strong throughout five different life stages, and, based on ongoing research, this effect persists into the second and third years. Alternatively, the effect of maternal environment seems unlikely because the parental individuals used in this study were located in a common natural habitat and the offspring were grown in a common greenhouse environment. For these reasons, we feel it most likely that maternal effects in mulberry are the result of cytoplasmic contributions by the ma-BURGESS AND HUSBAND-MATERNAL CONTRIBUTIONS TO HYBRID FITNESS ternal parent. Molecular and quantitative genetic analyses of F 1 and later generation hybrids will be needed to disentangle the sources of maternal effects in mulberry with more certainty (Burke et al., 1998b; Levin, 2003) .
Evolutionary consequences of maternal effects-The maternal effects observed in our study are a significant source of variation in fitness with important implications for adaptation in mulberry. Maternal effects generate a strong fitness advantage for offspring of white mulberry by enhancing their germination, survival and growth relative to offspring from red and hybrid mulberry. Therefore, genes controlling fitness in mulberry are contained in the maternal generation yet influence selection during the offspring generation. Numerous theoretical models have shown that this time lag in the expression of fitness can affect the rate and direction of the response of hybrids to selection (Kirkpatrick and Lande, 1989; Wolf and Brodie, 1998; Thiede, 1998; Wolf, 2000) . For example, if selection in the maternal mulberry environment matches that in the offspring generation, then maternal effects can reinforce adaptive selection for white mulberry or, conversely, maladaptation of red mulberry. At this point, information regarding the selective environments of juvenile and adult trees is insufficient to evaluate this outcome.
Maternal effects may also influence the dynamics of species hybrid zones. Specifically, hybrids of a single nuclear composition will, on average, experience differential success depending on their maternal parent's cytoplasmic background. In this sense, maternal effects can mask or counter the effects of maladapted nuclear genotypes and thereby slow their elimination from a population. This process has two consequences for mulberry. First, by elevating the fitness of hybrids to that of their white parents, maternal effects may weaken the strength of post-zygotic reproductive isolation between these species. Secondly, this process will result in the transfer of cytoplasm across nuclear genotypes. As a result, nuclear genotypes, including those with predominantly red genomes, will increasingly carry white cytoplasms. This is consistent with preliminary data on the sequencing studies of hybrid mulberry, which indicate there are more hybrids with white chloroplast DNA than one would predict from the frequencies of the parent species.
In summary, the fitness of hybrid mulberry in a common garden setting is determined predominately by its maternal background. Progeny from white mulberry mothers had the highest cumulative fitness. In contrast, paternal contributions to fitness were not significant and maternal ϫ paternal interactions were significant only for survival. These results suggest that non-nuclear, maternal effects are a dominant influence on the fitness of hybrid mulberry. These uniparental genetic effects may influence the genetic composition and fate of parental genotypes in the red-white mulberry contact zone.
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